El Niño Southern Oscillation (ENSO) influences on rainfall extremes around Sulawesi and the Maluku Islands in the eastern Indonesian Maritime Continent were investigated focusing on spatial and seasonal aspects using daily rainfall data at 23 stations during 1972−2012. The results show that interannual variations in rainfall extremes were strongly correlated with the ENSO phases. Wetter (drier) conditions were associated with La Niña (El Niño) events, in terms of total precipitation, rainy days, and consecutive dry days at more than 90% of the stations. Dry days tend to increase more than 2 months in the El Niño than La Niña years causing severe droughts in the region. Frequency and number of stations of heavy rainfalls increased (decreased) during La Niña (El Niño) events, whereas ENSO influences were weak (strong) on severest (moderately intense) rainfall events. ENSO influences on rainfall amount and number of rainy days vary spatially and seasonally. They were predominant during July-November but less during December-February. Heavy rainfall frequency was significantly higher during La Niña than El Niño years in transitional seasons.
Introduction
The Indonesian Maritime Continent (IMC) is one of the hot spots where a few hundred millions people are susceptible to the immense impact of climate change in terms of water resources and natural disasters. The occurences of rainfall extreme events have drawn much attention recently, because of their pronounced influences on economical sustainability and societal developments (Easterling et al. 2000; Alexander et al. 2006) . Most previous studies revealed an increase in frequency of heavy rainfall events over a large area of the globe including Southeast Asian monsoon region in recent decades using long-term daily rainfall dataset (Frich et al. 2002; Alexander et al. 2006; Endo et al. 2009 ). Recently, Villafuerte and Matsumoto (2015) examined trends of heavy rainfall in the Southeast Asian monsoon region and their links with ENSO during 1951−2007 using gauge-based gridded rainfall dataset (APHRODITE, Yatagai et al. 2012) . Decreasing trends are significant in most parts of the IMC, but increasing trend is also found in the eastern IMC. Thus, it will be important to explore the regional characteristics of rainfall extremes over the IMC.
Generally, convective activity in the IMC is more active than in other tropical regions because of its abundant moistures supplied from the tropical western Pacific Ocean warm pool and Indian Ocean (Ramage 1968; Mori et al. 2004) . The local and regional characteristics of the islands cause the different seasonal convective activity due to the interaction between monsoonal wind and complex topography (Hamada et al. 2002; Aldrian and Susanto 2003; Chang et al. 2005) . The western IMC is characterized as "wetter" and the boreal winter rainy season (e.g., Sumatera and Jawa Islands), whereas "drier" and various rainy seasons (boreal winter, summer, and non rainy season) are observed around Sulawesi and Maluku Islands in the eastern IMC (e.g., Hamada et al. 2002; Mori et al. 2004; Chang et al. 2005) . This implies that the eastern IMC may be more sensitive region for droughts by increasing number of consecutive dry days. Interannual rainfall variability in the IMC has strong relationship with El Niño Southern Oscillation (ENSO) (Hamada et al. 2002 Hendon 2003; Kubota et al. 2011) . Rainfall tends to increase during La Niña years, especially in the eastern part of the IMC during boreal summer and autumn than in winter (Chang et al. 2004) . Kubota et al. (2011) described that the eastern IMC experienced drought due to the less rainfall in El Niño years during June to November. In boreal winter, however, this correlation weakens despite persistent El Niño conditions. Many studies have attempted to understand the interannual variability in rainfall amount of the IMC, but that in rainfall extremes and their link to ENSO have not been addressed well. Villafuerte and Matsumoto (2015) examined seasonal variations of the ENSO impacts on heavy rainfall, however the spatial and temporal coverages of the gauge stations were not enough to represent the regional and local differences.
In this study, our main purpose is to investigate how ENSO affects on rainfall extremes over Sulawesi and Maluku islands in the eastern IMC using long-term surface rain gauge data. The influence of ENSO on interannual rainfall variability is greater in the eastern rather than the western IMC (Chang et al. 2004) , thus a link between rainfall extreme and ENSO is also expected. The selected region is characterized as drier climate and has various seasonal rainfall variations, besides few studies have been done in this region. Thus, it will be valuable to describe ENSO influences on the heavy rainfall and drought related extremes to understand the regional climate. Localities of seasonal differences of the ENSO impacts in the eastern IMC are another important objective needed to be addressed.
Data and methods
We collected daily rainfall data at 32 stations in Sulawesi and the Maluku Islands, Indonesia from the Agency for Meteorology Climatology and Geophysics (BMKG) during 1972−2012 (41 years). Data quality controls have been applied to correct the outliers and examine the homogeneity with four statistical tests: the standard normal homogeneity, Buishand range, Pettit, and Von Neumann (Wijngaard et al. 2003) . The testing parameters consist of (1) amount of annual rainfall and (2) Figure 1 shows the spatial distribution of the stations and the climatological seasonal rainfall types. Type A-I is the dominant seasonal rainfall type at 11 stations in Sulawesi and Maluku Islands, whereas the opposite seasonal rainfall Type B-I is found in Sulawesi and the southern area of Maluku with 5 stations. The no clear rainy/dry seasonal Type C are dispersed among 6 stations in the equatorial Sulawesi. The B-II Type is located in the northern Maluku with only 1 station. However, no station is referred to as A-II Type in this study. Although the analysis periods, data sources, and definitions are different, our results are similar in distributions with seasonal rainfall characteristics in previous studies (e.g., Hamada et al. 2002; Aldrian and Susanto 2003; Chang et al. 2005) .
Results and discussions

Interannual variations in rainfall extremes and its linkage to ENSO
Figure 2 presents the differences in rainfall amount and frequency of rainfall extremes between La Niña and El Niño years. Interannual variations in rainfall extremes are closely related with ENSO phases in a similar manner with rainfall amount described by previous studies (e.g., Hamada et al. 2002; Hendon 2003; Kubota et al. 2011 ). Most of stations are subject to significant impacts of ENSO on rainfall extremes. The indices corresponding to rainy days (PRCPTOT, WDAY, R10mm, R20mm, and CDD) reveal clear differences with ENSO phases at almost all stations (more than 90%), with wetter (drier) conditions prevailing in La Niña (El Niño) years. The indices related to heavy rainfall including R50mm, R100mm, RX5day, R95p, and R99p also vary with ENSO, even though the number of stations is less (below 60% of the stations, except for R95p and R50mm). The frequency and relative proportion of total rainfall amount from heavy rainfall are greater during La Niña than El Niño years. On the other hand, the heavier rainfall extreme indices such as R100mm and R99p (and also Rx5day and Rx1day) tend to be less affected by ENSO phases (less than 30%) than R50mm and R95p (around 60%) and the others of moderate rainfall indices (more than 90% for R10mm and R20mm). Figure 3 illustrates the spatial distribution of differences 1) are selected which satisfied the following criteria: (1) the data are missing for only five or less days per year, (2) the data are available for 20 or more years, (3) the three of four homogeneity tests on data confirm homogeneity. A year starts on May 1 and ends on April 30 to continuously record the Southern Hemisphere rainy season. Table 1 A wet day refers to a day with at least 1 mm of rainfall. The daily rainfall data from the selected 23 stations are used to evaluate rainfall extreme indices and how ENSO relates to these indices. The differences in rainfall extreme indices between El Niño and La Niña years are revealed by composite analysis with the t-test statistical method. Following the Trenberth (1997) definition, the study period (41 years) is classified into 13 El Niño, 16 La Niña, and 12 neutral years. The ENSO year is determined from May 1 until April 30 (same with the year of rainfall dataset) in order to capture the developing and mature phase of ENSO. Hereafter, "year" means a year starting from May 1.
In order to see how the ENSO affects the seasonal and spatial differences of rainfall extreme, we divide the stations into climatological seasonal rainfall types based on the amplitude and phase of smoothed-3-month-running-average of monthly mean rainfall amount. A distinct (no clear) seasonal cycle is defined when the difference between the annual maximum and minimum of monthly mean rainfall amount at a station is 120 mm month −1 or greater (smaller). The seasonal cycles are classified further into Types I and II implying the presence of either single or multiple monthly peak(s), respectively. Meanwhile, the rainy seasons are divided into Types A and B refering to either the maximum rainfall amount occurred in the November-April period or in the May-October period, respectively. The above categories have been resulted in the following five climatological seasonal rainfall types: A-I: Northern Hemisphere winter rainfall maximum with a single peak B-I: Northern Hemisphere summer rainfall maximum with a single peak A-II: Northern Hemisphere winter rainfall maximum with multiple peaks B-II: Northern Hemisphere summer rainfall maximum with multiple peaks C: No clear rainy/dry seasons Table S1 ) are a little displaced to avoid overlapping since they are very close each other. 
Seasonal and spatial differences of ENSO influences on rainfall extremes
Seasonal variations of ENSO influence on rainfall amount, wet days, and heavy rainfall frequency are also investigated (Fig.  4) . Almost all months except in the Northern Hemisphere winter for PRCPTOT (January in Poso) and R50mm (February in Tual), positive differences of PRCPTOT, WDAY, and R50mm in La Niña years are found at all stations. In general, the PRCPTOT and WDAY are significantly different between El Niño and La Niña years during July-November with a peak in October in Maluku and Sulawesi Islands, whereas their differences are small during December-February. These results are consistent with larger influence of ENSO to the interannual rainfall variability in the Northern Hemisphere summer and autumn described in the previous studies (e.g., Hendon 2003; Kubota et al. 2011) . Figure 4 also depicts the ENSO influences on the indices for each climatological seasonal rainfall type. As for R50mm, the larger differences appear in November (Type A-I), August (Type B-I), and July (Type C). These peaks do not appear in the middle of rainy season, but in transitional seasons of the wet and dry months for each seasonal rainfall type. Thus, the influences of ENSO on heavy rainfall frequency are more dominant in transitional seasons than in the middle of rainy season. However, the PRCPTOT and WDAY peaks occur in July-November for all seasonal rainfall types, whereas a second peak also exists in December-February for Type C stations. This implies a shift in the rainy season onset and withdrawal with ENSO phases (Hamada et al. 2002) and/or changes of atmospheric stability that may induce significant differences in heavy rainfall frequency during transitional seasons. Kubota et al. (2011) suggested that an intensification of seasonal southerly wind reduced sea surface temperature (SST) in the eastern IMC and suppressed convection during July-November in El Niño years. In addition, shallow thermal convection produces subsidence over the Banda Sea in the pre-Australian monsoon season and extremely dry conditions spread through the surrounding region in October during El Niño years. Meanwhile, the warmer SST and wetter conditions prolong during La Niña years. Also, warmer sea surface water will be more transported from the Pacific to the Banda Sea through the Makassar Strait with what so called as the Indonesian Throughflow in La Niña years and less transported in El Niño years (e.g., Gordon and Fine 1996; Wijffels and Meyers 2004) . This suggests that local SST variations surrounding the eastern IMC associated with an influence of Walker (zonal) circulation as controlling factors of rainfall amount and rainfall extremes.
Discussions on a link between air-sea interaction and rainfall extremes
From the trend analysis of Villafuerte and Matsumoto (2015) , the results presume wetter tendencies in the eastern and drier trends in the western IMCs. This suggests that the ENSO effects on the interannual variations in rainfall extremes are weaker in the western IMC, because it is associated with the Asian winter monsoon, which is the more dominant factor in this region (Aldrian and Djamil 2008; Hamada et al. 2012 ). The Indonesian Throughflow may play important roles in the interannual variations of Fig. 2 . Percentage of stations with statistically significant differences between La Niña and El Niño years (La Niña minus El Niño) for rainfall indices in Sulawesi and Maluku. Dark blue or dark red, and cyan or magenta indicate positive or negative difference at the 99% and 95% confidence levels, respectively. ENSO and the Asian monsoon. It could bring a freshwater surface layer from the western IMC, then inhibit warm surface water from the Pacific flowing southward to the Indian Ocean, and cause a cooler Indian Ocean that may weaken the Asian monsoon (Wajsowicz 2002) . This would be a different set of dynamics than what occurs in the eastern IMC as determined by this study.
Conclusions
We have explored how interannual variability related to ENSO influences and their spatioseasonal linkages on rainfall extremes over Sulawesi and the Maluku Islands in the eastern IMC during 1972−2012 using highly spatially distributed surface daily rainfall data that have never been done by previous studies in the region. The results conclude that interannual variations of rainfall extremes are correlated strongly with ENSO phases. Wetter (drier) conditions are associated with La Niña (El Niño) events, especially for rainfall indices related to wet days such as PRCPTOT, WDAY, R10mm, R20mm, and CDD at almost all stations (more than 90%). Heavy rainfall indices such as R50mm, and R95p, also increase during La Niña years at more than 60% of the stations, whereas the indices for severest rainfall such as R100mm and R95p tend to be less affected (less than 30%). Thus, ENSO influences are more dominant for the frequency of moderately intense rainfall than severest rainfall.
Seasonal and spatial differences of ENSO influences on rainfall amount, wet days, and frequency of heavy rainfall are identified in this study. ENSO influences are predominant during July-November on rainfall amount and wet days, whereas its impacts are less in December-February. On the other hand, differences in the frequency of heavy rainfall are more evident in transitional seasons for the stations whose rainfall types are classified as Types A-I (the whole region of Maluku/Sulawesi), B-I (southern Maluku), and C (equatorial Sulawesi). It is infered that ENSO affetcs the timing of rainy season onset over the region as mentioned by Hamada et al. (2002) , but further analysis on this topic is beyond our study. It is required further study to examine the relationship between heavy rainfall frequency and rainy season onset.
Preferable environmental conditions and generation mechanisms for inducing rainfall extreme events over the IMC is another subject for future study. Wu et al. (2013) indicated the importance of the interaction between local circulation (land-sea breeze) and large-scale circulation due to Madden-Julian Oscillation (MJO) for inducing prolonged convection in Jakarta heavy rainfall event in January 2013. Hidayat and Kizu (2010) suggested that MJO controls a considerable fraction of the total precipitation in Indonesia (10−30% of climatological mean over land, whereas 60−70% over the seas) and excess rainfall occurs during the active phase of MJO over the IMC. Kubota et al. (2011) proposed that eastward propagation of the MJO convection tends to be suppressed by the cooler SST surrounding the eastern IMC in El Niño years. However, interannual SST variations over the IMC and their influences on MJO activities have not been examined well. Thus, investigation of the frequency of heavy rainfall events that coincide with the MJO phases and their interannual changes due to ENSO phases are emerging needs. 
